Good collateral circulation (CC) is associated with favorable outcomes in acute stroke, but the best technique to evaluate collaterals is controversial. Single-phase computed tomography angiography (sCTA) is widely used but lacks temporal resolution. We aim to compare CC evaluation by sCTA and multiphase CTA (mCTA) as predictors of outcome in endovascular treated patients. Methods: Consecutive endovascular treated patients with M1 middle cerebral artery (MCA) or terminal intracranial carotid artery (TICA) occlusion confirmed by sCTA were included. Two more CTA acquisitions with 8-and 16-second delays were performed for mCTA. Endovascular thrombectomy was performed independently of the CC status according to a local . CC on sCTA and mCTA were compared. Results: 108 patients were included. Their mean age was 69.6 ± 13 years and their median National Institutes of Health Stroke Scale (NIHSS) score was 17 (interquartile range 8). 79 (73.1%) had M1 MCA and 29 (26.9%) TICA occlusions. The mean time from symptom onset to CTA was 146.8 ± 96.5 min. On sCTA, 50.9% patients presented good CC vs. 57.5% on mCTA. Good CC status in both sCTA and mCTA had a lower 24-hour infarct volume (27.4 vs. 74.8 cm 3 on sCTA, p = 0.04; 17.2 vs. 97.8 cm 3 on mCTA, p < 0.01). However, only good CC on mCTA was associated with lower 24-hour (5 vs. 8.5, p = 0.04) and median discharge NIHSS (2 vs. 4.5, p = 0.04) scores and functional independency (mRS score <3) at 3 months (76.9 vs. 23.1%, p < 0.01). In a logistic regression model including age, NIHSS, ASPECTS and recanalization, only age (OR 0.96, 95% CI 0.93-0.99, p = 0.02) and good CC on mCTA (OR 5, 95% CI 1.99-12.6, p < 0.01) were independent predictors of functional outcome at 3 months. Conclusion: CC evaluation by mCTA is a better prognostic marker than CC evaluation by sCTA for clinical and functional endpoints in acute stroke patients treated with endovascular thrombectomy.
Introduction
Ischemic infarcts grow over time [1] . However, previous studies have suggested that the degree of leptomeningeal collateral circulation (CC) may delay, or even prevent infarct progression [2] . Good CC has been associated with better clinical and functional outcomes [3] , an increased recanalization rate [4] , a lower rate of hemorrhagic transformation [5] , and may extend the time window for endovascular procedures [2] . The rationale for these results is the ability of CC to maintain blood flow beyond the ischemic penumbra before recanalization is achieved, reducing the infarct core and making a good clinical outcome more likely [6] . Therefore, knowledge of the degree of CC may help in the patient selection for endovascular reperfusion therapies, and improve the accuracy of imaging and clinical outcome prediction [7, 8] .
In the acute stroke setting, there are different techniques that assess the CC status. The classical evaluation of the CC status is performed by cerebral digital subtraction angiography (DSA), considered the reference standard. However, this is a time-consuming invasive technique, only justified in the case of endovascular reperfusion therapies. Moreover, evaluation of CC by DSA requires bilateral carotid and vertebral injections, and these diagnostic procedures may delay the reperfusion treatment [9] .
CC assessment with noninvasive techniques in acute ischemic stroke has been the object of multiple studies in the last few years [3, [10] [11] [12] [13] . Multiphase computed tomography angiography (mCTA), magnetic resonance imaging (MRI) and perfusion computed tomography (PCT) modalities and scales have been designed lately to optimize CC evaluation and guide treatment decisions [13] [14] [15] . Different PCT modalities have been designed for the assessment of CC [3, 15] , and they have been used for reperfusion treatment decisions in acute ischemic stroke clinical trials [16] . However, these modalities need postprocessing and are affected to some extent by patient motion; moreover, more specific PCT criteria for collateral assessment are yet to be determined [3] . MRI techniques have been developed, but they are time-consuming, they may delay reperfusion therapies, and they may not be available 24 h in most centers [17] . Single-phase CTA (sCTA) is a widely used diagnostic tool able to quickly evaluate the presence of intracranial large-vessel occlusion. It may also allow the assessment of the global CC with a single intravenous contrast injection molding [8, 14] . However, this technique lacks temporal resolution and may mislabel CC.
Variability in the timing of the contrast injection and image acquisition impairs comparison between studies in addition to mislabeling true collateral status [18] . Furthermore, diverse CC scoring methods have been suggested but a standard score for the evaluation of the CC status does not exist [19] .
mCTA addresses some of these concerns regarding sCTA. In this technique, in addition to a conventional sCTA, two extra cerebral image acquisitions with 8-and 16-second delays are performed. This way, the evaluation of vascular filling and CC at three different time points is possible. This mCTA CC evaluation has recently been evaluated in a cohort of 147 acute stroke patients, showing better prediction of clinical outcomes than sCTA or PCT [18] . Furthermore, the recently published ESCAPE trial (Randomized Assessment of Rapid Endovascular Treatment of Ischemic Stroke) used mCTA to select patients for the trial: only good or intermediate CC patients were included [16] .
Our aim was to perform an external validation study with an independent cohort of acute anterior occlusion stroke patients treated with endovascular reperfusion therapies evaluated by sCTA and mCTA. This way, we intend to confirm that mCTA improves the accuracy of sCTA for the evaluation of CC as a predictor of vascular, radiological and clinical outcomes in acute stroke patients.
Subjects and Methods

Study Population
Consecutive acute stroke patients admitted to our Emergency Department within less than 8 h from symptom onset were evaluated. All received a neurological examination by a certified stroke neurologist to evaluate baseline functional status [using the modified Rankin scale (mRS)] and stroke severity [by the National Institutes of Health Stroke Scale (NIHSS)]. A non-contrast CT was performed to exclude hemorrhage and large early ischemic changes [Alberta Stroke Program Early CT score (ASPECTS) >6] and sCTA and mCTA to evaluate intracranial occlusion and CC status.
Patients with a baseline mRS score <3, an NIHSS score ≥ 6 and a proximal intracranial occlusion were treated with endovascular reperfusion techniques. Those patients with an occlusion of the proximal segment of the middle cerebral artery (M1 MCA) or terminal intracranial carotid artery (TICA) were included in the study.
Early clinical improvement or deterioration was defined by a decrease or an increase of ≥ 4 points from baseline on the NIHSS at 24 h [20] . Functional outcome was evaluated by the mRS at 3 months. Patients were considered functionally independent if their mRS score was ≤ 2 [21] .
Neuroimaging Protocol
On admission, patients underwent a non-contrast CT scan (Definition AS, Siemens, Erlangen, Germany) within the first 6 h after stroke onset. CT scans were assessed to rule out hemorrhage and assessed for the presence of early parenchymal ischemic changes using the ASPECTS score [22] . If the patient was a candidate for intravenous tissue plasminogen activator (tPA), the weight-adjusted bolus was administered immediately after non-contrast CT. mCTA was performed using the following parameters: collimator of 128 × 0.6 mm, 120 kVp, and 250 mAs, covering the first phase from the carina until the vertex and the second and third phases from the foramen magnum to the vertex. Acquisition was triggered using a bolus tracking (100 HU) in the aortic arch after 60 ml of intravenous contrast injection, then the second and third phases started 4 s after the previous phase [18] . The first phase of mCTA was considered as the sCTA for comparison later on. Intracranial occlusion was determined in the first phase of CTA.
Collaterals were not considered for clinical decision making in the acute stroke phase, but measured off-line by a stroke neurologist and a neuroradiologist blinded to clinical data. Measurement of the CC status was visually determined by comparing backfilling arteries beyond the occluded artery to similar arteries in the opposite unaffected hemisphere. CC scores obtained by both sCTA and mCTA are described in figure 1 . The interrater agreement by the intraclass correlation coefficient was 0.84 (95% CI 0.64-0.98, p < 0.001). For statistical analysis, patients were dichotomized into good and poor CC status according to both sCTA (poor CC: 0-1, good CC: 2-3) [23] and mCTA (poor CC: 0-3, good CC: 4-5) [18] ( fig. 2 ).
All patients received endovascular reperfusion treatment performed by expert neurointerventionists. Proximal arterial occlusion was confirmed by DSA before treatment and recanalization was determined by the modified thrombolysis in cerebral ischemia (TICI) score [24] . A final TICI score of 2b-3 was defined as complete recanalization.
A 24-to 36-hour control CT was performed to detect hemorrhagic transformation of the previous ischemic tissue. If the hemorrhage was associated with clinical deterioration (NIHSS score increase ≥ 4), symptomatic intracranial hemorrhage (SICH) was defined. Infarct volume was measured in the control CT scan by the ABC/2 rule [25] .
Statistical Analysis
Categorical variables are presented as absolute values and percentages, and continuous variables as means and standard deviations, if normally distributed, or medians and interquartile ranges, if not normally distributed. Statistical significance for intergroup differences was assessed using Fisher's exact test for categorical variables and with the Student t or the Mann-Whitney U test for continuous variables. A receiver operating characteristic curve was configured to establish the infarct volume at 24 h, which better predicted functional outcome at 3 months. Multivariate logistic regression analyses were performed for each group to determine factors that could be considered as independent predictors of favorable outcome. Variables showing a p value <0.1 in univariate analysis were included in the multivariate model. A two-sided p value <0.05 was considered significant for all tests. All statistical analyses were carried out using IBM SPSS 17.0 software. received intravenous tPA treatment before endovascular reperfusion treatment, according to European stroke guidelines. The mean time to groin puncture was 214.9 ± 94.5 min. All patients were treated with stent retrievers. Complete recanalization (TICI score 2b-3) was achieved in 74.8% of patients, after a mean time of 264.6 ± 116.8 min from stroke onset. On control CT, the mean infarct volume was 49.86 ± 82.7 cm 3 . Six patients (5.6%) presented with SICH. Fifty-four (58.4%) patients experienced early clinical improvement, and 53 (49.1%) achieved functional independency (mRS score 0-2) at 3 months. The mean time from symptom onset to CTA was 146.8 ± 96.5 min. On sCTA, 50.9% patients presented with good CC when compared to 57.5% on mCTA. Patients with a good CC status presented with lower baseline NIHSS scores and more probability of extracranial atherosclerotic severe stenosis or occlusion in both sCTA and mCTA. In sCTA analysis, good CC was also associated with younger age (66.5 vs. 72.8 years in poor CC, p = 0.01) and less probability of diabetes mellitus (34.6 vs. 65.4%, p = 0.04) ( table 1 ).
Results
From
The recanalization rate (TICI score 2b-3) was similar in patients with good or poor CC status evaluated by both sCTA (75.5 vs. 76.9%, p = 0.52) and mCTA (78.3 vs. 73.3%, p = 0.35). In contrast, patients with a good CC status determined by sCTA and mCTA had a lower infarct volume in the 24-hour control CT (27.4 vs. 74.8 cm 3 on sCTA, p = 0.04; 17.2 vs. 97.8 on mCTA, p < 0.01). However, mCTA but not sCTA CC status was a good predictor of clinical outcomes. Good CC on mCTA was associated with a lower 24-hour (5 vs. 8.5, p = 0.04) and median discharge NIHSS score (2 vs. 4.5, p = 0.04). Furthermore, patients with a good CC status evaluated by mCTA achieved more frequently functional independency (mRS score <3) at 3 months (good CC: 76.9 vs. 23.1%, p < 0.01). In contrast, good CC status on sCTA also showed trends toward better early and long-term outcomes, but did not reach statistical significance ( tables 2 , 3 ).
In the poor CC status group, 5 patients presented with a CC status of 0-1 (4%). Three of them died (60%) and 2 did not achieve good functional outcome (mRS scores of 3 and 5, respectively). Twelve patients (30%) with a CC score of 2-3 achieved good functional outcome (mRS score <3). We grouped the CC scores of 0-3 together for comparison due to a low number of patients with very low CC scores. There was no significant relationship between CC status (both mCTA and sCTA) and symptomatic hemorrhagic transformation. For mCTA, 8.9% patients with a poor CC status and 3.3% with a good CC status presented with SICH (p = 0.398). For sCTA, 5.8% patients with a poor CC and 5.7% with a good CC (p = 0.652) presented this complication.
In a logistic regression model adjusted for baseline NIHSS score, ASPECTS and recanalization, only age (OR 0.95, 95% CI 0.92-0.99, p = 0.02) and good CC status on mCTA (OR 5, 95% CI 1.9-12.6, p < 0.01) emerged as independent predictors of favorable functional outcome at 3 months ( table 4 ) .
We analyzed those patients with a divergence in CC status determined by sCTA and mCTA. All 10 patients presented with poor collaterals on sCTA and good collaterals on mCTA. In this population, 80% achieved good functional outcome (mRS score <3 at 3 months) with no differences in baseline characteristics or treatment-related variables, which may indicate that sCTA underestimates collateral status in some patients due to its lack of temporal resolution. Among the patients with a poor CC status on mCTA (n = 45), only 12 (26.7%) achieved an mRS score <3 at 3 months. In this group, recanalization after endovascular status occurred in 10 cases (83.3%), but this difference was not statistically significant (p = 0.3).
Discussion
Recent studies have shown that CC status evaluation with different techniques is a strong and independent prognostic marker for clinical outcomes after acute ischemic stroke [7, 8, 10, 14, [26] [27] [28] . In addition, CC status has been used to select patients for endovascular therapy [16] . However, there is no consensus about the more accurate noninvasive technique or scale for CC assessment. Furthermore, the role of the CC status in the selection of patient for endovascular treatment or the role of the potential modifying therapies to enhance collateral flow in acute ischemic stroke is unknown [3] . Our study shows that mCTA is a quick, noninvasive, accurate technique to evaluate CC status in acute ischemic stroke patients supporting another study's results comparing mCTA with other scales [18] . sCTA and mCTA CC evaluations were associated with infarct volume in our series. However, in comparison to sCTA, mCTA was also associated with early and long-term clinical outcomes, and was an independent predictor of favorable outcome together with age. It does not increase the contrast dose administered to the patients, and only increases the radiation dose by 2.4 mSv (Siemens) and the acquisition time by 20 s. Therefore, we strongly believe that mCTA is a more precise technique to assess CC status compared to sCTA and it may be a good option for CC evaluation in ischemic stroke patients.
The ESCAPE trial [16] showed the utility of current endovascular reperfusion treatment in patients with good or intermediate leptomeningeal CC status on mCTA. Our results are in Therefore, more research is needed to evaluate whether the CC status may change the decision for reperfusion treatment in acute ischemic stroke. We also found that patients with collateral assessment divergence on sCTA and mCTA (poor CC status on sCTA and good CC status on mCTA) had a high probability of good functional outcome (80% mRS score <3 at 3 months). This supports the hypothesis showed in several studies that sCTA may underestimate CC [3] . Therefore, endovascular therapy decisions based on CC status measured by sCTA may be inaccurate and can lead to discarding patients for reperfusion treatment based on an incorrect evaluation of CC status.
In our series, recanalization after endovascular reperfusion treatment did not predict good functional outcome at 3 months. There was a low number of patients without complete recanalization (26 patients, 25%). The majority of these patients, however, exhibited partial recanalization (TICI score 2a, 17 patients, 65% of nonrecanalizers), which could have improved the outcome in this subgroup. The late time of recanalization of the series (more than 4 h after stroke onset) may also explain this finding.
Our study has some limitations. The number of patients is low, there is a marked heterogeneity in the study population and only patients with M1 and internal carotid artery occlusion were included, so no conclusion about the influence of CC on other stroke territories may be obtained. Also, no interrater reliability assessment of CC status using both techniques was made (only for mCTA); however, it has been proven before that there is a high correlation between different observers. A four-vessel angiography was not performed for the evaluation of the CC status in DSA to avoid a delay in reperfusion treatment, so no comparison with the CC 'gold standard' measurement was performed.
Conclusions
mCTA improves the accuracy for assessing CC status and is an independent predictor of low infarct volume and good clinical and functional outcome in acute stroke patients treated with endovascular reperfusion techniques.
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